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SUMMARY

A setiempirical study is made of the bluff-body problem.

Some experiments with interference elements in the wake close
behind a cylinder demonstrate the need for considering that region in
any complete theory.

Dimensional analysis of a
universal Strouhd ntier S*
qs a function of wake Reynolds
free-streamline theory, allows
ment of the shedding frequency

simple model of the region leads to a
which is then experimentally determined
nmiber I&. This result, together with
the drag to be calculated from a measure-
and furnishes a useful correlation

between different bluff cylinders.

By allowing for some annihilation of the vorticity in the free
shear layers, it is shown how to conibinethe free-stre~ne theory
with K&&n’s theory of the vortex street to obtain a solution
dependent on only one experimental measurement.

INTRODUCTION

The problem of the drag of bluff bodies in incompressible flow is
one of the oldest in fluid mechsnics, but it remains one of the most
important, for practical reasons as well as for its theoretical interest

The two major contributions towari)a,theoretical understanding are
the well-known ones of Hrchhoff end Karman. These attack two aspects
of the problem that must be understood, nsmely, the potential flow in
the vicinity of the cylinder sud the wake fsrther downstream, but
neither by itself can furnish a complete theory. Much of the work
devoted to the problem through the yesxs has been essentially we
elaboration and application of the theories of KLrchhoff and J&r&n.
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It has become increasingly evident, however} that a complete solution
will not be obtained until one is able to “Join” the two parts of the
problem and that this will reqtie an understanding of the flow in the

._
●

early stages of the wake, that is, the first few diameters downstream
of the cylinder.

On the experimental side, there has also been a continued activity.
It is surprising that the influence on theoretical develcrpmentshas been
rather small, for considerable useful information has been compiled,
some as long ago as 20 or 30 years. Much of this is referred to in
chapters IX and XIII of reference 1. Particular mention must be made
of the work of Fage and his coworkers (e.g., refs. 2, 3, and h) who
made very useful investigations of the flow mear the cylinder and in
the esrly stages of the wake. The ideas of.this report grew largely
out of a study of their work.

The interest at GAL/XT in the flow past bluff bodies has been
connected not so much with the problem of the drag as with that of
turbulent wakes. Many of the turbulent flows that are used for
experimental studies (e.g., behind grids) and almost all those that
cause practical difficulties (e.g., buffeting) are produced in the
wakes of bluff bodies. Much of the empiricism connected with these
problems can be resolved only by a better understanding of how the
wake is related to the body which produces it. This includes ques-
tions of wake scale, frequencies, energy, interference between wakes,
and so forth. However, whatever the approach, one is led to consider
the relation between the wake and the potential flow outside the wake
and cylinder.

A short review ofthe theory of flow past bluff bcdies is presented
and some experiments are described which demcmstrate how critically the
whole problem depends on that part of the wake immediately behind the
cylinder. h the remainder of the report the free-streamline theory of
reference 5 is conibinedwith some experimental results to obtain a much

needed correlation between bluff cylindersl of different shapes. This
furnishes at the same time some of the sought-after relatims between
wake and cylinder.

The experiments were performed in the 20- by 20-inch low-turbulence
wind tunnel at WIT, under the sponsorship and with the finmcial
assist~ce of the National Advisory Committee for Aeronautics. Standard

%he term “cylinder” is used throughout to denote a body whose
cross-sectional shape is the same at every section along the span. This
is the so-called two-dimensional body, which was the only kind for which
measurements were made here. The term is applied to all cross-sectional
shapes, including the limiting case of a flat.plate normal to the flow,
in which case the cross-sectional shape is simply a line.
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hot-wtie equipment, manomet,ry,and so forth were employed. The work is

. part of a broader program of turbulence research directed by Dr. H. W.
Liepmann; the author is indebted to him and to other metiers of the
WIT staff for many discussions.
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SYMBOLS

distance between outer edges of free shear layers

drag coefficient

pressure coefficient

base-pressure coefficient

distance from back of cylinder to trailing edge of inter-
ference element

cylinder diameter or breadth

distance between free streamlines

width of vortex street

base-pressure parameter, Us/Um or
m

base-pressure parameter, uncorrected for tunnel blockage

longitudinal vortex spacing

vortex shedding frequency

base pressure

Reynolds number based on cylinder diameter, ud/v

Reynolds ntier uncorrected for tunnel blockage

Reynolds number based on wake psmmeters, U~d’/v ‘

cylinder Strouhal number, rid/U@

Strouhal tier uncorrected for tunnel blockage

wake Strouhal nuniber, nd1/Us

●
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Fage’s form of Strouhal number, nbt/&

velocity along shear layer

velocities at edges of shear layer

free-stream velocity

blockage correction to measured free-stream velocity

veloci@ on free streamline at separation

velocity of ~ortices relative to-tiee-stieam velocity

distance downstream

angle measured from stagnation point of circular cylinder

circulation per vortex

fraction of shear-layer vorticity that goes into individual
vortices

vorticity

coordinate normal to shear layer

kinematic viscosity

.
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RJZVIEWOF THEORY OF FLOW PAST BLWFF BODIES

Although the tin contributions to the theory of flow past bluff
b,odiesare well-hewn, a review iS usefd. to brfw out the iwort~t
features of the problem.

—

In the tiee-streamline theory developed by ~rchhoff, the free
shear layers which are known to separate tiom bluff bciiieswe idealized
by surfaces (streamlines) ofveloci@ discontinuity. These free stream- -
lines divide the flow into a wake and an outer potentisl field. The
possibility of treating the problem this way in two psrts is iqportant
to note. Kirchhoff:s theory, however, considerably underestimates the
drag, and the failure is easily traced to the assumption which is made
about the velocity on the free streamline. It is assumed that the
velocity there is the free-stre- velocity or, what amounts to the
same thing, that the pressure in the w== and on the cylinder base Is

.
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the free-stream pressure. It is known, however, that the pressure on
the base, behind the separation points, is actually much lower, which

corresponds to a velocity on the free streamline which is higher than
the free-stream value. This lower base pressure accomts for the
higher drag actually observed. lCbchhoff:s theory has been applied,
by a long line of successors, to many other cylinder shapes; and indeed
it can be applied in principle to any shape whatever, the difficulty
being only of computation. (Ik cases such as the circular cylinder,
where there is not a well-defined, fixed separation point, an additional
assumption must be made.) h all cases, however, the theory gives values
of drag much lower than those observed, and always for the reason that
the value assumed for the separation veloci~ is too low.

K&m&I, in his famous theory of the vortex street, attacked the
problemby way of another characteristic feature of flow past bluff
bodies, that is, the phenomenon of periodic vortex shedding. The
theory is incomplete in that it cannot by itself relate the vortex-
street dimensions and velocities to the cylinder dimension and free-
stresm velocity. Two additional relations are required, and these must
come from elsewhere, usually from experiment.

These two examples by KLrchhoff and K&m& are, however, represent-
ative of the two parts of the flow that will.have to be considered in
any complete theory. While each part - the potentisl field snd the wake -
~ be considered separately, the corqpletesolution will.only be found by
discovering how to join them. Indeed, Heisenberg (ref. 6) atteqpted to
obtain such a closed solution by joining the IClrchhoffsolution to
&m&nls vortex street. His solution gives a value for the drag in
good agreement with that for a flat plate set normal to the flow, but
it also gives the same value for any other cylinder shape, as pointed
out by K&m& in a footnote to the same paper. There is an inconsis-
tency in the theory in that the KLmhhoff flow, which is taken as one
element in the synthesis, _gredictsa drag coefficient which is different
(lower) trom the final result. h short, the KLrchhoff flow is not a
suitable starting point for such solutions unless it is modified to
allow more realistic base pressures.

In reference 5 it was shown how such a modification ms.ybe made.
Instead of restricting the separation velocity to the free-stream
value Um, it is allowed to assume an arbitrary value Us = klk. The

base-pressure coefficient-is then +s = 1 - I&’. For k = 1 this

reduces to the Kirchhoff case, but for agreement with experiment k
must be greater than 1. This modified ~chhoff theory will be referred
to as the notched-h~ograph theory, after the hodograph won which it is
based.

--

,
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Another method by which the potential part of the flow might be
“joined” to the wake is to use the momentum-diffusion theory which has
been applied in calculations of base pressure on supersonic projectiles
(refs. 7and 8). These calculations are made on the basis of a mixing
theory, wherein the pressure deficiency on the base is assmed to be
l’supported”entirely by the diffusion of momentum across the shear layers.
In fact, it appears inevitable that some such calculation will be neces-
sary before a complete theoretical formulation of the problem can be
obtained. The mechanism of the wake immediately downstream of the cylinder
is the main item in the coupling between wake and potential flow, and it
will probablybe essential to understand it.- Unfortunately, the idea of
simple mmentum diffusion across the shear layers, which appears to be
suitable for the supersonic flows, is not by i-lmelfsufficient for the
incompressible flow past a bluff cylinder. The “coupling region” imme-
diately downstream of the body is also that in which the vortices are
formed, and they are an essential part of the mechanism, as will be shown
in the following sections.

.-

,
EFFECT OF VORTEX FORMATION

.
Figure 1 shows a pressure traverse made along the center line of the ._ .+

wake behind a flat plate set normal to the flow. The measurement is not
simple to make because of the large transverse velocity fluctuations
associated with the vortex shedding. A static probe oriented along the 1?

center line of the wake experiences a nonstationary crossflow, fluctu-
ating at the sheddimg frequency. As far as the mean flow is concerned,
the pressure is constant over the circumference of the cyl~drical probe)
since its dimensions are small compared with the flow field. Because of
the crossflow, however, there is a pressure variation over the ctic~er-
ence, ~st as there is for a cylinder placed normal to a stream with
periodic.velocity. Therefore the pressure measured varies with the
position of the orifice on the circumference of the probe. When the

—

orifice is at one of the stagnation pofits of the crossflow the press~e
is the highest, and when it is at 90° from the stagnation point the pres-
sure is the lowest. The pressures measured with the orifice at these
limiting positions are shown h figure 1. The correct pressure should
be somewhere between. Now on a cylinder in steady crossflow the pressure
coefficient is zero at 30° in potential flow and at about 35° in real
flows. It was shply assumed thatthe latter is also the correct position
for the oscillating crossflow. The intermediate curve in figure 1 is the
result with the orifice at 35° from the stagnation point; it is believed

—

that this gives very nearly the correct value for the mean static pressure.

In any case, what is important is the low-pressure region at about
2 plate widths downstream; that is,

b
the pressure on the base is not the

lowest pressure in the wake. This measurement had already been made by
,-

,
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Schiller and Linke in 1933 (ref. 9), but does not seem to have been noted
since. Its significance seems clear - that the low pressure is associ-
ated with a low-pressure region at the center of the vortex which is
being formed. This low pressure must fluctuate, of course, as the vortices
form alternately, and it is the mean effect which has been measured. It
seems likely then that a large part of the low pressure on the base of
the fht plate is associated with the vortex pressure, that is, that the
main mechanism for the base pressure is to be found not in the diffusion
of momentum across the shear layers but in the dynsmics of the vortices.
In fact, the momentum-diffusion theory could predict only a monotonically
increasing pressure from the base.

Now if the vortex dynamics are indeed important, then interference
with their formation should have a strong effect on the base pressure.
This was easily investigated by placing a l’splittert~plate along the cen-
ter line of the wake. Figure 2 shows pressure distributions with and
without the splitter plate. (The results given in this figure are for a
circular cylinder instead of the flat plate.) With the splitter plate
the periodic vortex formtion is inhibited and the base pressure increases
considerably. It is still below free-stream pressure, but whether this
residual underpressure can be accounted for by the momentum-diffusion
theory is not certain. It is possible that a kind of standing vortex is
formed on each side, but this point was not investigated further. In
any case, the momentum-diffusion theory is indifferent to the omission
or inclusion of a partition along the central streamline. It is clear that
without the splitter plate the periodic formation of vortices is an
essential pert of the base-pressure mechanism.

Figure 3 shows how the splitter plate affects the pressure distribu-
tion over the whole cylinder cticumference. It shows that interference
in the “coupling region” changes the outer potential flow, as well as
that in the wake.

EFFECT OF ~CE ELEMENT ON RELATIONS BETWEEN

BASE PRESSURE AND SHEDDING FREQUENCY

In the experiment of figure 2 the chord of the splitter plate was
almost 5 dismeters. One immediately asks how the interference chamges
with changing chord. Accordingly, some measurements were made with a
splitter plate whose chord was about 1 diameter. This was found not to
inhibit the vortex formation at all, though it does change the shedding
frequency slightly. More interesting is the effect of moving this short
plate downstream, that is, leaving a gap between it and the cylinder.
The effect is to decrease the shedding frequency and to increase the base
pressure, as shown in the lower part of figure 4. The shedding frequency
becomes a minimum, and the base pressure a maximum, when the trailing edge
of the interference element is 3.85 diameters downstream of the cylinder
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base. It is clear that such a minimum must be reached, for when the
element is -veryfar downstream of the cylinder its upstream influence
should be negligible. What is remarkable is the abrupt Jump that occurs

b

there, practically to the original value. Qualitatively, it appesrs that
—

close to the cylinder the element has a streamlining effect; that is, it
extends the shear ~ers and forces the vortices to form downstream of
its trailing edge. When it is far downstream, the vortices form on its
upstresm side, in the normal position close to the cylinder, and the
element has only a slight effect; There must then be some critical posi-
tion where the flow must choose between one of the two configurations.

-.

It is observed, in fact, that when the interference element is at this
critical position, the flow does jmp, intermittently, from one configu-
ration to the other, as shown by the double values measured there.

At c/d = 1.13 there is a point that does not fall on the line
drawn for C@. This was thought to be an error, but further checks and

readjustments indicated that it is real.
——

This point corresponds to the
case where the splitter plate was touching the back of the cylinder;
that is, the gap wsA completely closed. However, the joint was by no t
means pressuretight. It seemed, rather, that some other kind of com-
munication through the gap becomes effective at some finite gap width.
At present, this has not been thoroughly investigated. .

.
Experiments such as these may lead to ~_ormation useful for under-

standing the mechanics of the vortex formation. An fiitial step in this
direction has been made by investigating the relationship between the ..

base pressure and the shedding frequency (see the following section). ‘

M.UFF-BODY SIMILARITY

Although a complete theoretical solution seems remote at present,
there is still the possibility of finding a correlation between differ-
ent bluff bodies, on a semiempiricalbasis. Such a correlation must be
based on, aud must account for, the following qualitative facts, which
are indeed the main features of the flow past bluff cylinders:

(1) The “bluffness” of a cylinder is related to the width of the
wake, compared with the cylinder dimension. It is almmst intuitive that
the bluffer body tends to diverge the flow m_re, to create
and to have larger drag.

(2) The shedding frequency is related to the width of
relation being roughly inverse, so that the bluffer bodies
Strouhal nunibers.

(3) For a
base pressure.

given cylinder
Generally, an

the shedding ffequehcy is
increase in base pressure

a wider wake, .

the wske, the
have the lower

.
b_

related to the
is accompanied .-
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by a decrease in shedding frequency. This is well iU.ustrated in the
case of figure 4 with the interference element (although there an anoma-

,
lous behavior is observed for c/d > 3.&3). Thus, for a given cylinder
a decrease in wake width corresponds to an increase in drag, which seems
at vsriance with intuition. However,,the decrease in width is associated
with an increase in “wake velocities,t’the net effect being an increased
wake energy corresponding to the increased drag.

Figure ~ shows measurements of Strouhal nunber tie on three differ-
ent cylinder shapes. These were a circular cylinder, a 90° wedge, and a
“flat plate” normal to the flow. The shedding frequencies were measured
by a hot-wire anenmmeter placed in the wake. The dimensions of the
cylinders used are given in table I. (For the circular cylinder, the
curve has been taken from ref. 10). At present, one is concerned only
with the higher Reynolds numbers, for which the Strouhal nuniber S is
distinctly different for the different cylinders, though approxhmtely
constant for each individual one. The figure shows that the circular
cylinder, 90° wedge,and flat plate are increasingly bluff, in that order.

FigWe 6 is a plot of base-pressure coefficient ~~ for the same
three cylinder shapes. The base pressure ps was measured at static
orifices on the backs of the cylinders. In the case of the circulsr

. cylinder the measurement was made at about 130° from the stagnation point,
which is in a region of constant pressure (cf. fig. 3) W is be~eved
to be a more significant point for the base pressure than the one at l~”.

= Figure 6 shows that the differences in base pres6ure for the different
cylinders are not so marked as are the shedding frequencies and that they
cannot be ordered in terms of bluffness. Included in the figure are two
cases with wake interference - a circular cylinder and a flat plate - for
which the increase in base pressure is quite marked. The interference
elements which were used are sketched in table I.

The results of figures ~ and 6 have been corrected for tumnel block-
age. The scatter in figure 6 is rather lsxge, for the probable error in
the calculation of ~s is inherently lsrge; l-percent accuracy in meas-
urement of pressure and velocity gives only about 5-percent accuracy
in $s.

Now it is well-known that the wakes of different bluff bodies are
similar in structure. In every case the flow sepsrates on the two sides
of the cylinder, creating free shear layers which continue for a short
distance downstream and then “roll up” into vortices, alternately on
either side. The region where this occurs, which extends only a few
diameters downstream, was referred to in the section “Review of Theory of
Flow Past Bluff Bodies” as the couplhg region. Because of the similar-
ity in all bluff-cylinder wakes, one would expect to find a parameter to.
co&wxe the wakes of
frequency, as may be

-.

different &ylinders. The clue is in the shedding
demonstrated by a simple tMmensional analysis.
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Consider two parallel shear layer6 (sketch 1) which My be imagined to
.-J

Sketch 1 —

have been formed by some bluff cylinder. The circular arrows indicate
the sign of the vorticity. The characteristic frequency associated with
this configuration is proportional to Us/d’ and one can define a wake

Strouhal number

S* = nd ‘/us

.
.where n is the shedding frequency. It is related to the usual cylinder

Strouhal number S by

.

S*=S U?L
U9 d —

S d’
‘ET (1)

The wake E%rouhal number S* is expected to tieuniversal, that is, to be
the same for all bluff-cylinder wakes. Of course this idea is based on
an idealized model in which the shear layers are surfaces of discontinuity,
whereas actually the condition of the free shear layers will differ from
one cylinder to another, dependhg on their histories up to the point of
vortex formation. This may, however, be a secondary effect, and it is
sufficient at first to assume that S* depends only on a wake Reynolds
number

.—

,-

R+&= Usd’/v

= Rk d’/d (2)
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The idea of such a similarity is essentially the same as that given by
Fage and Johansen (ref. 3), but they omitted the characteristic wake
velocity Us. Their parameter is S’ = nb~/U~, where b’ is a wake

width measured.between the outer edges of the shear Myers. They found
a good correlation, S’ A 0.28, for several different cylinder shapes,
in spite of the omission of a wske velocity. This seems to be due to
the fact that, for the cases of good correlation, the wake velocities were
very nearly the same. Also, they did not introduce a wake Reynolds
number.

In what follows, the wake similarity is studied on the basis of the
~r~eter S*(R*). The method, which is quite different from that of
Fage and Johansen, depends essentially on the results of the notched-
hodograph theory (referred to in the sectian “Review of Theory of Flow
Past Bluff Bodies”). These results are briefly as follows: The velocity
at separation and on the initial part of the free streamline is Us = kUm
(sketch 2). The base pressure is the same as that at separation, and the

Sketch 2

base-pressure coefficient is therefore C@ = 1 - k2. For a given value
of k, the potential flow outside the wake is completely determined, and
so the drag coefficient ~ is a function only of k. The important

result for the present consideration is that a wslsewidth d’ is deftied.
This also depends only on k. Figure 7, which has been computed from the
results of reference 5, shows how d;/d varies with k for the three
cylinder shapes being considered. It givesthe “measure of bluffness”
alluded to earlier; that is, the bluffer cylinders have the wider wakes
at a given value of k, but for a given cylbder the wake width decreases
with increasing k (i.e., increasing drag).

The shedding frequencies and base pressures which had been measur~
for figures 5 and 6 were used to compute S*(R*) for the various cyl-
inders. The computation is straightforward: k=~~ is calculated

from the measured base-pressure coefficient. The corresponding value of
d’/d is found in figure 7. With these and measured values of S and R
the corresponding values of S* and R* are easily calculated from

-.
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:C&.me ~) and (2). The results are listed in table I
.

It is necessary to draw attention to several points:

TWA m 3169

and plotted

(1) The characteristic wake velocity, which in dimensionless form is
sirqly k, is not measured, but is computed from the base pressure. This
may be regarded as the essential step in the coupling between the wake
and the outer potential flow.

(2) The wake width is not measured but is obtained from the theory.

(3) In cowuting S*, the shedding frequency and base pressure
should not be first corrected for tunnel blockage. That is, the wake
parameters that are used must,correspond to the wake that is actually
observed. Blockage gives only a second-order effect in this computation.
The uncorrected parameters are listed in table I as ST, RT, and ~,
respectively.

(4) The errors that may b.emade in measuring n, U., and G>
even though small individually (about 1 percent), contribute to a possible
error of 4 percent in S*.

(5) At R* <8,000 there is a large discrepancy between the values
for the wedge and for the circular cylinder. It is not clear whether
this is real or due to experimental difficulties. The small wedge used
to obtain these points did not have a proper base-pressure orifice.
Instead, a small tube with an open mouth was cemented to the back of the
wedge, and it is not certain that this measures the correct base pressure.
Gtherwise, the similarity parameter S* does give a good correlation
for a fairly wide range of Reynolds number. It is probable that it caq __
be extended to higher Reynolds numbers, say another order of magnitude,
up to the critical Reynolds nuniberof the cficular cylinder.

It will be noted that the similarity plot (fig. 8) includes the cases
with wake interference. For these the base pressure and corresponding
wake velocity differ considerably from those without interference. That
they fit fairly well into the simila.rit plot is taken as evidence for
the suitability of the parameter TS*(R* . Nevertheless, an examination
of an individual case shows that there actually is a systematic variation
of s*. In the upper part of figure 4 the data of the lower pert have
been used to calculate S*, which is seen to vary systematically with the
position of the interference element. (The “bad point” referred to in the
section “Relations Between Base Pressure and Shedding Frequency” does not
fit this curve either.)

..
.

—

. .—
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JOINING THE FREE STREAMLINES AND VORTEX STREET’

TO close the K&m& theory of
relations are needed to relate the
street to the free-stream velocity
hodograph theory my furnish these
realistic way can he found to join

the vortex street, two additional
velocities and dimensions of the
and cylinder dimension. The notched-
additional two relations, provided a
the results of the two theories.

One relation is obtatied by considering how circulation in the vor-
tices is related to the vorticity in the free shear layers. The rate ‘at
which circulation flows past any plane section of a shear layer is

.
where ~ is the vorticity and U1 and U2 are the velocities at the

edges of the shear layer; for the free-streamline case these are Us = kU=

and 0, respectively, and the rate of flow of circulation is k%=2/2 .

On the other hand, the rate at which circulation is carried downstream
by the vortices is nI’,where r is the circfition per vortex and n

. is the shedding frequency. The e~eriments ofFage and Johansen (ref. 3)
indicate that only a fraction e of the vorticity in the shear layers
is found in the individual vortices farther downstream. They estimated
s to be about 1/2. It is necessary to allow for this inwiting the
relation between the circulation prduced at the cylinder and that
carried downstream by the vortices. Thus

nI’. ek2 um2/2

or

where u is the velocity of the vortices relative to the free stresm
and Z is the spacing along a row. Finally, in dimensionless form,
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(3) ‘.

This is similar to the relation obtained by Heisenberg, but he assumed
both e and k to be equal to unity.

Equation (3) can be written in another formby introducing one of
the K&n&n parameters:

r’—= mUI (4)

Elimination of I’ from equations (3) and (4) gives

which may then be used in =’s drag formula

where h is the width of the vortex
the form

street. This

2
CD g

()
~ =5.65-&2.25& =f(k, ~)

is better written in

On the other hand, from the
~(d/d’) as a functionof

free streamlines. It seems

notched-lmdograph theory, one can calculate
k, where d’ is the distance between the

reasonable to assume that h = d’, that is.,

.

.

.
“
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that the centers of vorticity in the vortex street are the same distance
apart as in the free shear layers. This then gives the second relation,

.
simply

CD d/h = @ d/d’

To find solutions, the left- and right-hand sides are plotted as functions
of k. The intersections sre the solutions. The left-hand side CD(d/h)
gives a fsmily of curves with e as parameter. The right-wd side gives
another family in which the cylinder shape is the parameter. Figure 9
shows the result. The following points should be noted:

(1) The family of curves for different cylinders is actually a single
curve (within the width of the line on fig. 9) w to about k = 1.5.

(2) There are two possible intersections for each value of e. The
upper intersections correspond to

t u/Urn> 0.5 smd the lower ones, to

u/urn<0.5. The htter are the observed values. This empirical fact
determines the choice of sign for the square root in the equation for
u/urn above.

.-

(3) There are no solutions for ~ ~eater them about 1/2.

e To choose the correct value of e, some reference to experiment is
necessary; but the circumstance that there is only one curve for all the
cylinders reduces the empirical aspect to a minimum, for it is necessary,
in principle, to find e experimentally for only one cylinder shape.
Another way of expressing this is that the value of k is the ss.mefor
all cylinders having the same value of ~. In fact, it is observed
(fig. 6) that the values of k, or of ~s, are approximately the same
for the different cylinders (but nat when there is interference h the
wake). lRromthat figure an average value of k for cylinders without
wake interference is 1.4, which gives the solution CD(d/d’) =0.96,
u/urn= 0.18, and ~ = 0.43. The corresponding values of the drag coef-
ficient are 1.10, 1.32 and 1.74, for the circular cylinder, 900 wedge,
and flat plate, respectively. These may be compared with experimental
values: For the circular cylinder @ vsries from about 0.9 to 1.2 in
this range of Reynolds number, while for the 900 wedge and flat plate it
is about 1.3 and 1.8, respectively, also varying somewhat but less than
for the circular cylinder.

-.
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The shedding frequencies may also be calctited. b dimensionless
terms,

s = nd/ua2

‘Vt)$=t-tw
where again use has been made of the relation n =

assumption d’ = h. The ratio h/Z is the K&r&n
The universal Stroulal nuniberis then

(U. - u)/Z and the

spacing ratio of 0.281.

()0.281 ~ -~S*=_
k u.

Using the solution obtained above, this gives S* = 0.164, and for the -.

cylinder Strouhal numbers the values 0.206, 0.167, and 0.I-27,respectively.
These may be compared with the experimental results of figure 7.

—
-..

DISCUSSION

The similarity parameter S*(R*), together with
theory, reduces to one the nwiber of parameters that

the notched-hodograph
must be found empiri.-

tally-~n order to”have a complete solution. Essentially, it allows the
drag to be determined from a measurement of the shedding frequency.2

2T0 determine the drag for a given cylinder snd Reynolds nuniber R,
the procedure is as follows: On the S*(R*) plot a value of S* is
picked off at a value of R* which must be guessed, at first, but which may
be expected to be a little higher than R. Then the cylinder Strouhal num-
ber S is computed from the measured shedding frequency. The ratio
S/S* = k d/d’ (eq. (1)) essentially gives k from the plot of k d/d’
versus k (which has not been included here but may easily be obtained
from fig. 7). Once k has been determined, the value of R* = Rk d’/d
may be computed. If it does not check the original assumed value, then
a new value of S* is found, and the procedure is repeated. No more than
the one iteration is necesssry, for S* varies quite slowly with R*.
Once k is determined, the drag is found from the plot of ~(k) given
in reference 5.

—
.
.

—
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The range of Reynolds nunibersfor which the shnilarity is valid has not
been established. At the upper end similarity will probably exist so
long as there is periodic shedding, which for the circular cylinder is
upto R-l&. At the lower end it is not certain whether the discrep-
ancy of figure 8 is due only to the experimental difficulty mentioned in
the section “Bluff-Body Similarity.” More probably, it is insufficient
in that range to lump all the Reynolds nwiber effects into the one param-
eter R*. An example of the details that may have to be considered is
the problem of transition in the free shear layers. At higher Reynolds
nuuibersthe layers are turbulent almost from separation, but at lower
values they remain laminar for some distance downstream. The point of
transition may be expected to be different for different cylinders even
at the same W, since the shear layers wi12 have eqerienced clifferent
pressure gradients, and so forth. The present solution may be a suitable
starting point for a more detailed study of such effects.

The solution obtained by joining the free-streamline flow to the
vortex street might also be regarded as a kind of similarity solution,
depending on only a single eqerimer$al measurement. The Reynolds nuniber
dependence does not appear explicitly. instead, there is a dependence
on e, the fraction of the shear-layer vorticity that appears in indiv-
idual vortices. The interesting result is %hatfor a given e the
different cylinders have the same value of k, that is, of base pressure,
their drag coefficients then being simply proportional to the wake widths
and inversely proportional to the shedding frequencies.

In both cases the need for an additional euqitiicalrelation appears
to be connected with the need for more understanding of the flow in the
region of vortex formation. For this, the technique of wake inteference
may prove to be useful.

The results obtained may be applied to cylinder shapes other than
the three that were considered so long as they are of coqarable
“bluffness.” For instance, they probably cannot be applied directly to
bodies of small percentage thichess, such as a thin wedge, for which
the history of the boundary-layer development is quite different from
that on bluffer cylbders.

California Institute of Technology,
Pasadena, Calif., August 13, 1953.
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